W
e are entering what geologist Colin Campbell calls the "second half of the age of oil." The first half, corresponding roughly to the twentieth century, was one of a rapid increase in oil and gas production and their incredibly successful applications to transportation, agriculture, the chemical industry, and virtually every aspect of our global economy. The twenty-first century will see an inevitable decline in oil and gas availability as oil, especially, continues to become more expensive to find, extract, and refine. The EROI (energy return on [energy] investment) for US oil and gas production has already declined from a ratio of approximately 25:1 to 10:1 and for worldwide production from about 35:1 to 18:1. Both are moving inexorably lower. Many of our current economic problems are associated with these trends; the 2008 economic collapse was precipitated in part by oil prices climbing to $150 per barrel, and the current prices of about $85 to $100 per barrel are weakening any economic recovery (Hall and Klitgaard 2011) . The EROI of most alternatives to oil-in particular, that of liquid biofuels-is quite low. No substitute appears remotely capable of replacing oil at the enormous volumes now used. The most important one volumetrically (corn-based ethanol) in the United States has an EROI uncomfortably close to 1:1.
The search for alternatives has recently focused on an intriguing new option: microalgae. The arguments in favor of microalgae are their rapid growth rates (they can double in mass in less than a day), projected high yields, and putative high oil (triglyceride) content. Additional factors cited in microalgae's favor are their ability to grow in seawater, brackish water, or wastewater, which allows them to avoid competition for water with food crops, and their ability to use carbon dioxide (CO 2 ) from power-plant stack gases. Projections published in peerreviewed literature suggest annual yields per hectare (ha) of triglycerides of as much as 140,000 liters of hydrocarbons, using genetically modified algae (Robertson et al. 2011 ). The US Department of Energy (DOE) Office of Biomass Program has invested well over $100 million in research and development in the past two fiscal years (mainly through research consortia) and a further $100 million in pilot and demonstration projects, with other federal and state agencies also spending considerable sums. However, private industry and venture capital have led in this field, with hundreds of millions of dollars in venture capital funding and major investments by energy companies. ExxonMobil alone made a $600 million commitment to algae oil production and advertised its program with a major print and television campaign. One company, Solazyme, is already selling oil produced by algae that ferment starches to the US military and recently raised over $200 million in an initial public offering that valued the company at over $1 billion. Sapphire Energy, which raised over $100 million in venture capital investments and a further $100 million in combined DOE and US Department of Agriculture grants and loan guarantees, is now building a 120-ha algal biofuel demonstration plant. Algenol, with private investments of $70 million and a DOE grant of $25 million, is building a pilot plant for ethanol production using genetically modified cyanobacteria. There are literally hundreds of startup companies, university projects, and other efforts now in algae biofuels in the United States and other countries.
What is the reality? First, no oil or other biofuel from algal photosynthesis Oil from Algae? CHARLES A. S. HALL AND JOHN R. BENEMANN is currently produced in commercial quantities or even at the pilot or prepilot scales. At most, a few gallons of samples seem to have been made. (Fermentation processes, such as those of Solazyme and Martek, which convert sugars or starches to oil, are an exception, but these are in a fundamentally different category from the autotrophic processes using carbon dioxide and solar energy that are our focus here.) Second, many projections for algal oil production are exaggerated. Some even exceed thermodynamic limits, and most ignore practical realities. Even achieving 20,000 liters per ha per year of oil would require a major research and development effort, and 40,000 liters per ha per year would appear to be a likely practical longterm maximum for the United States.
Microalgae biomass is already being produced commercially in open raceway ponds, gently mixed by paddlewheels and supplied with carbon dioxide, such as in Hawaii (Cyanotech Corporation, Kailua-Kona) and California (Earthrise Nutritionals, LLC, Irvine). These are, however, relatively small-scale enterprises (less than 40 ha) that manufacture high-value nutritional supplements (worth over $10,000 per ton dry weight biomass). Some municipal wastewater treatment plants also use pond systems to treat sewage, but the algae are typically not harvested or when harvested are not used for production of biofuels.
It is possible to project, in principle, relatively low costs for algae biofuels by increasing the scale of production about tenfold, by developing improved strains that can achieve biomass productivity of possibly 100 tons per ha per year with a high oil (triglyceride) content, and through advances that reduce harvesting and oil-extraction costs significantly. Combining algae biofuels production with wastewater treatment or coproduction with highervalue animal feeds may be nearer-term routes to commercial feasibility. Some engineering assessments project favorable EROIs if, after extracting the oil from the algal biomass, the residue is anaerobically digested into methane gas and used to generate electricity to power the process and even provide a surplus, with nutrients and carbon recycled into the growth ponds, a concept that has been the subject of several technoeconomic studies Oswald 1996, Lundquist et al. 2010) . The results of such studies have not proven that it is actually possible to produce algae cheaply, efficiently, and with a net positive energy or reduction in greenhouse gas emissions, but they suggest that there are no obvious showstoppers. These goals have been (Sheehan et al. 1998 ) and remain (USDOE 2010 ) the subject of research and development efforts worth pursuing but whose outcome is, like all research, unpredictable.
To achieve the required very high solar energy conversion efficiencies and oil or other biofuel productivitieswell beyond what natural algae strains are capable of-will require the application of the tools of molecular biology. One strategy is to reconfigure the algal photosynthetic apparatus to adjust light-harvesting pigments to minimize the light saturation effect. Another strategy is to redirect algal metabolism toward lipid (triglyceride, hydrocarbon) or carbohydrate production, rather than toward growth. The resulting algal strains must be able to be cultivated in large (at least 1-ha) open ponds. The closed photobioreactors advocated by many researchers to avoid invasions by grazers and weed algae, experienced with ponds, as well as to provide a more controlled environment (Wijffles and Barbosa 2010) , are uneconomic: They require very large amounts of capital and have high operating costs and low EROIs. Even for open raceway ponds, reducing the cost of production to be competitive with fossil oil or other biofuels is a major challenge.
The greatest challenge may be political: The enormous sums of money recently invested in microalgae biofuels will soon run out, at just about the time that the new entrants into this field become able to help advance the technology. Will there be continuing support for this effort in a year or two, or will politicians, oil companies, and venture capitalists move on to another new hoped-for solution to our energy crisis? Perhaps the most important fundamental advantage of microalgae biofuels is their very fast growth rates. A week of algae cultivation is equivalent to a season for higher crops, which suggests that algae biofuel technology might be developed rapidly. But a decade is probably the shortest time in which substantial progress can be made toward the goal of energy-efficient and cost-effective microalgae biofuels production. Even if there is success, microalgae biofuels will most likely replace only 1 or 2 percent of current oil use worldwide. Yet even 1 percent of the world oil supply is an enormous amount and would contribute to reducing greenhousegas emissions and improving energy security. We must continue to explore and develop all plausible, environmentally sound, renewable fuel technologies even while preparing for a future in which transportation fuels are ever more scarce and expensive.
